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Abstract. 2SWLF ÀRZ FDQ EH XVHG E\ KXPDQV WR GHWHUPLQH WKHLU GLUHFWLRQ RI KHDGLQJ DV ZHOO DV
FRQWUROOLQJ VWHHULQJ 'RWÀRZ GLVSOD\V KDYH EHHQ ZLGHO\ XVHG WR LQYHVWLJDWH WKHVH DELOLWLHV EXW LW
LV XQFOHDU ZKHWKHU SKRWRUHDOLVWLF WH[WXUHV ZRXOG SURYLGH EHWWHU LQIRUPDWLRQ IRU FRQWUROOLQJ KLJK
VSHHGVWHHULQJ+HUHZHH[DPLQH WKHDFFXUDF\RIKHDGLQJ MXGJHPHQWV IURPGRWÀRZGLVSOD\VRI
GLIIHUHQWGHQVLWLHVDQG OXPLQDQFHDQGWKHQFRPSDUHWRDVFHQHFRQWDLQLQJD WH[WXUHGJURXQG:H
WKHQH[DPLQHVWHHULQJEHKDYLRXUXVLQJWKHVHVDPHGLVSOD\VWRGHWHUPLQHZKHWKHUDFFXUDWHKHDGLQJ
FRQGLWLRQVQHFHVVDULO\HTXDWHWRVXFFHVVIXOVWHHULQJ2XU¿QGLQJVVXJJHVWWKDWWKHEULJKWGHQVHGRW
ÀRZGLVSOD\VOHGWRHTXLYDOHQWSHUIRUPDQFHDVWKHJURXQGWH[WXUHZKHQMXGJLQJKHDGLQJDQGWKLVZDV
DOVRWUXHZKHQVWHHULQJ7KHLQWHUPHGLDWHGRWÀRZFRQGLWLRQVZLWKIHZHUDQGIDGHGGRWVUHYHDOHG
WKDWVRPHFRQGLWLRQVWKDWOHGWRDFFXUDWHKHDGLQJMXGJHPHQWVZHUHLQVXI¿FLHQWIRUDFFXUDWHVWHHULQJ
,WVHHPVWKHUHIRUHWKDWKHDGLQJSHUFHSWLRQVKRXOGQRWEHFRQVLGHUHGV\QRQ\PRXVZLWKVXFFHVVIXO
VWHHULQJFRQWURODQGGLVSOD\VWKDWVXSSRUWRQHDELOLW\ZLOOQRWQHFHVVDULO\VXSSRUWWKHRWKHU
Keywords: RSWLFÀRZORFRPRWLRQKHDGLQJVWHHULQJGRWÀRZWH[WXUH
1 Introduction
Controlling locomotion is a fundamental human behaviour. Moving through the world is crucial for 
VXUYLYDOVLQFHLWDOORZVDQDQLPDOWRH[SORUHLWVHQYLURQPHQWWR¿QGIRRGVKHOWHUDQGDPDWHZKLOVW
avoiding predators. Vision is of particular importance for humans during locomotion because it informs 
the rapid execution of motor commands that will ensure successful steering. Gibson (19581986) pro-
SRVHGWKDWRSWLFÀRZLVWKHSUHGRPLQDQWVRXUFHRIYLVXDOLQIRUPDWLRQIRUJXLGLQJORFRPRWLRQ0RYLQJ
WKURXJKDQHQYLURQPHQWWKDWFRQWDLQVWH[WXUHGVXUIDFHVFDXVHVDQRSWLFÀRZSDWWHUQRIUHODWLYHPRWLRQ
that is information rich. Gibsons proposal was that an animal can use the focus of expansion (FoE) of 
WKHÀRZ¿HOGWKHSRLQWIURPZKLFKUDGLDOÀRZHPDQDWHVWR³VHHZKHUHKHLVJRLQJ´*LEVRQ1958
S8QGHUWKLVSURSRVDOVWHHULQJFRQWUROZRXOGEHH[HFXWHGE\DOLJQLQJWKH)R(ZLWKWKHGHVLUHG
GLUHFWLRQRIWUDYHO7KRXJKHOHJDQWLQLWVVLPSOLFLW\WKLVFRQWUROVROXWLRQGRHVQRWFDSWXUHWKHFRPSOH[-
LW\RIUHDOZRUOGORFRPRWRUFRQWUROLQKXPDQV2QHSUREOHPLVWKDWKXPDQVXVHH\HPRYHPHQWVWR
VDPSOHYLVXDOLQIRUPDWLRQIURPWKHVFHQHWKLVDGGVURWDWLRQFRPSRQHQWVWRWKHRSWLFÀRZSDWWHUQDWWKH
EDFNRIWKHH\HUHWLQDOÀRZ7KLVURWDWLRQFDXVHVWKH)R(WREHGLVSODFHGIURPWKHFXUUHQWGLUHFWLRQRI
KHDGLQJ5HJDQ	%HYHUOH\19825R\GHQ&URZHOO	%DQNV1994:DUUHQ	+DQQRQ1988ZKLFK
PHDQVWKDWLWLVQRWGLUHFWO\DYDLODEOHWRLQIRUPVWHHULQJ
7KHUHLVVWLOOGHEDWHDERXWKRZH[DFWO\RSWLFUHWLQDOÀRZLVXVHGE\KXPDQVWRFRQWUROORFRPR-
WRUVWHHULQJ6RPHVXJJHVWWKDWKHDGLQJFDQEHUHWULHYHGIURPÀRZWKURXJKWKHXVHRIGHFRPSRVLWLRQ
DOJRULWKPV/RQJXHW+LJJLQV	3UD]GQ\1980VRWKHLQIRUPDWLRQFRQWDLQHGZLWKLQRSWLFÀRZLVVXI-
¿FLHQWWRSDUWLDORXWWKHURWDWLRQFRPSRQHQWVFDXVHGE\H\HPRYHPHQWV2WKHUVSURSRVHWKDWH[WUD
UHWLQDOLQIRUPDWLRQDERXWH\HPRYHPHQWVLVQHFHVVDU\WRGHFRPSRVHÀRZ&URZHOO%DQNV6KHQR\
	$QGHUVHQ19985R\GHQ%DQNV	&URZHOO1992VHH/DSSH%UHPPHUDQGYDQGHQ%HUJ1999) 
IRUDUHYLHZRIWKHOLWHUDWXUH7KHVHLQYHVWLJDWLRQVKDYHEHHQDLGHGJUHDWO\E\WKHXVHRIFRPSXWHU
JHQHUDWHGGLVSOD\VWKDWFUHDWHVLPXODWHGHQYLURQPHQWVZKHUHWKHSURSHUWLHVRIWKHZRUOGFDQEHSUH-
FLVHO\ FRQWUROOHGDQGFKDUDFWHULVWLFVRI WKHYLVXDO VFHQHPDQLSXODWHG7KH¿UVW FRPSXWHUJHQHUDWHG
VFHQHVZHUHYHU\VLPSOHEHFDXVHRISURFHVVLQJFRQVWUDLQWVDVHULHVRIIUDPHVFRQWDLQLQJDQXPEHURI
VLQJOHZKLWHSL[HOVRQDQRWKHUZLVHEODFNVFUHHQZKLFKZKHQGLVSOD\HGLQVHTXHQFHFUHDWHGDSSDUHQW
³GRWÀRZ´(DUO\H[SHULPHQWVUHOLHGXSRQULJRURXVSV\FKRSK\VLFDOPHWKRGVWRSUHFLVHO\PHDVXUHWKH
'LVSOD\LQJRSWLFÀRZWRVLPXODWHORFRPRWLRQ
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VHQVLWLYLW\RIWKHKXPDQYLVXDOV\VWHPWRYDULRXVÀRZSDWWHUQVEXWWKHUHZDVQRFDSDELOLW\WRLQWHUDFW
ZLWKWKHLQIRUPDWLRQFRQWDLQHGLQWKHGLVSOD\DVZRXOGEHWKHFDVHZKHQDFWXDOO\VWHHULQJ,QVWHDG
the standard task involved participants viewing the motion stimulus and then making a judgement of 
heading direction. Even though computer processors and graphics cards have improved to allow the 
JHQHUDWLRQRIODUJH¿HOGRIYLHZKLJK¿GHOLW\LQWHUDFWLYHGLVSOD\VWKDWDUHIDUPRUHFRPSHOOLQJWKDQ
HDUO\VLPXODWLRQVPDQ\UHVHDUFKHUVVWLOOXVHGRWÀRZGLVSOD\VFRPELQHGZLWKKHDGLQJMXGJHPHQWV
EHFDXVHRI WKH OHYHORIFRQWUROSURYLGHGE\ WKHVHPHWKRGV7KHQXPEHU VL]H OXPLQDQFHGLVWULEX-
WLRQDQGOLIHWLPHRIGRWVFDQDOOEHLQGHSHQGHQWO\PDQLSXODWHGLQRUGHUWRFRQWUROWKHTXDOLW\RIÀRZ
LQIRUPDWLRQSURYLGHGWRWKHYLHZHULQDTXDQWL¿DEOHZD\$YDULHW\RIHQYLURQPHQWVFDQEHVLPXODWHG
IURPDVLQJOHJURXQGSODQHWKURXJKWRGRWFORXGVDQGRWKHUVWLPXOLWKDWUDUHO\RFFXULQWKHUHDOZRUOG
6XFKFRQGLWLRQVDOORZUHVHDUFKHUVWRSUREHWKHXQGHUO\LQJFKDUDFWHULVWLFVRIÀRZSHUFHSWLRQWRH[DP-
LQHZKDWLQIRUPDWLRQWKHKXPDQYLVXDOV\VWHPLVVHQVLWLYHWRLQRUGHUWREHWWHUXQGHUVWDQGWKHQHXUDO
PHFKDQLVPVXQGHUO\LQJYLVXDOSURFHVVLQJGXULQJVHOIPRWLRQ:DOO	6PLWK2008).
0DQ\RI WKHVHPDQLSXODWLRQV DUHGLI¿FXOW LI QRW LPSRVVLEOH WR UHSOLFDWHXVLQJSKRWRUHDOLVWLF
ELWPDSSHGWH[WXUHVIURPKHUHRQFDOOHGVLPSO\³WH[WXUHV´EXWVRPHUHVHDUFKHUVSUHIHUWH[WXUHVLQ
RUGHUWRH[DPLQHYLVXDOFRQGLWLRQVVLPLODUWRWKRVHH[SHULHQFHGLQWKHUHDOZRUOG'RWÀRZLVUDUHO\
HQFRXQWHUHGE\KXPDQVLQQDWXUDOVHWWLQJV1 and while this does not mean that it cannot be used to 
GUDZYDOLGFRQFOXVLRQVUHJDUGLQJKXPDQPRWLRQSHUFHSWLRQLWVHHPVVHQVLEOHWRHQVXUHWKDW¿QGLQJV
IURPGRWÀRZDOVRWUDQVODWHWRPRUHUHDOLVWLFWH[WXUHV2QHRIWKHLVVXHVWKDWFDQDULVHZKHQFRPSDU-
LQJGRWÀRZDQG WH[WXUHV LV WKDW LW LVQRQWULYLDO WR LGHQWLI\ WKHTXDQWLW\RI LQIRUPDWLRQFRQWDLQHG
ZLWKLQRSWLFÀRZ'RWÀRZFRXOGEHFRQVLGHUHG³VSDUVH´FRPSDUHGZLWKUHDOZRUOGÀRZZLWKRQO\
DVPDOOQXPEHURISL[HOVFKDQJLQJHYHU\IUDPHFRPSDUHGZLWKDIXOO\WH[WXUHGVFHQH$OWHUQDWLYHO\
LWFRXOGEHDUJXHGWKDWWKHPRWLRQRIKLJKFRQWUDVWZHOOGH¿QHGZKLWHGRWVRQDEODFNEDFNJURXQG
FDXVHVDVHWRILQGLYLGXDOPRWLRQVLJQDOVWKDWZRXOGLQGXFHDVWURQJHUSHUFHSWRIÀRZWKDQWKHSRWHQ-
WLDOO\EOXUUHGORZFRQWUDVWDQGYDULDEOHYLVXDOLQIRUPDWLRQJDLQHGIURPHJRPRWLRQWKURXJKVRPHUHDO
environments.
$OWKRXJKWKHTXDOLW\DQGTXDQWLW\RIRSWLFÀRZPLJKWLQWXLWLYHO\VHHPFUXFLDOIRUWKHHIIHFWLYH
FRQWURO RI ORFRPRWLRQ WKLV LV QRW DOZD\V HYLGHQW LQ WKH OLWHUDWXUH H[DPLQLQJ KHDGLQJ MXGJHPHQWV
:DUUHQ0HVWUH%ODFNZHOODQG0RUULV1991) showed that humans are capable of judging heading 
ZKHQWUDYHOOLQJDORQJFXUYHGSDWKVFLUFXODUKHDGLQJZKHQRSWLFÀRZZDVSURYLGHGE\DVIHZDVWZR
GRWVDQGWKH\UHSRUWHGWKDWSHUIRUPDQFHZDVVLPLODUZKHQRSWLFÀRZZDVSURYLGHGE\GLIIHUHQWGRW
GHQVLWLHV%HFDXVHFRQVWDQWFLUFXODUSDWKVZHUHXVHGLWLVSRVVLEOHWKDWWKHVH¿QGLQJVPD\QRWJHQHU-
DOLVHWRRWKHUFXUYLOLQHDUWUDMHFWRULHV.LP	7XUYH\1998+RZHYHUWKHVWXG\GRHVVXJJHVWWKDWD
UHODWLYHO\VSDUVHÀRZ¿HOGFRXOGSURYLGHVXI¿FLHQWLQIRUPDWLRQWRMXGJHKHDGLQJ7KLVUHVHDUFKKDV
EHHQIROORZHGXSE\/LHWDO/L	&KHQJ2011b/L6WRQH	&KHQ2011/L6ZHHW	6WRQH2006
FRPSDULQJQRWRQO\WH[WXUHVDQGGRWÀRZEXWDOVRVWDWLFYHUVXVG\QDPLFGLVSOD\VLQWKHG\QDPLFGLV-
SOD\VWKHGRWVKDYHDOLPLWHGOLIHWLPH7KHRYHUDOOFRQFOXVLRQVHHPVWREHWKDWKHDGLQJSHUFHSWLRQLV
UHODWLYHO\UREXVWDFURVVGLVSOD\V0XFKRIWKHUHVHDUFKLQYHVWLJDWLQJWKHXVHRIRSWLFÀRZKDVIRFXVVHG
RQWKHGHWHFWLRQRIKHDGLQJKRZHYHULWLVQRWQHFHVVDULO\WKHFDVHWKDWKHDGLQJLVDOZD\VHVVHQWLDOIRU
WKHFRQWURORIVWHHULQJHVSHFLDOO\ZKHQWUDYHOOLQJRQFXUYLOLQHDUWUDMHFWRULHV)RUH[DPSOH:DQQDQG
Land (2000DUJXHGWKDWVXFFHVVIXOVWHHULQJFDQEHDFKLHYHGVLPSO\IURPUHWLQDOÀRZDQGQRQYLVXDO
extra-retinal signals without the observer having to retrieve heading direction at all. This view has 
EHHQWKHPDWWHURIPXFKGHEDWHVHH)DMHQ	:DUUHQ2000+DUULV20015XVKWRQ	6DOYXFFL2001; 
:DQQ	/DQG2001:DQQ6ZDSS	5XVKWRQ2000) and it remains unclear whether conditions that 
DOORZWKHSHUFHSWLRQRIRQH¶VKHDGLQJZLOOLQYDULDEO\VXSSRUWVXFFHVVIXOVWHHULQJ
2QHRIWKHDUJXPHQWV:DQQDQG/DQGPDNHDJDLQVWKHDGLQJEHLQJHVVHQWLDOLQVWHHULQJLVWKDWWKH
KHDGLQJDFFXUDF\RIWHQDGRSWHG&XWWLQJ1986LVQRWVXI¿FLHQWO\VHQVLWLYHIRUWKHVXFFHVVIXO
FRQWURORIVWHHULQJ7KH\JLYHDQH[DPSOHRIDFDUWUDYHOOLQJDWPSKRQDPZLGHURDGZKHUHD
KHDGLQJHUURURIZRXOGUHVXOWLQWKHFDUOHDYLQJWKHODQHLQOHVVWKDQV6RZKLOHKHDGLQJWKUHVK-
ROGVDVORZDVKDYHEHHQUHSRUWHGWUDYHOOLQJDWPVZLWKÀRZFRPSULVHGRIGRWV:DUUHQ
0RUULV	.DOLVK1988 WKHVH¿JXUHVDUHHVWLPDWHVEDVHGRQDFRUUHFW WKUHVKROG ,WFRXOGEH
DUJXHGWKDWDPRUHFRQVHUYDWLYHWKUHVKROGZRXOGEHUHTXLUHGIRUKHDGLQJWREHDQHIIHFWLYHLQSXWWRWKH
1Driving along a dark road with headlights on when it is snowing can create a high-contrast dot-low pattern akin 
to the upper portion of a dot-cloud. he snowlakes streak because of locomotion, but they are also moved by 
external factors (e.g. wind), so the resultant low pattern can make steering quite diicult.
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FRQWURORIVWHHULQJDQGSHUIRUPDQFHDWWKHFRUUHFWOHYHOOHDGVWRKHDGLQJDFFXUDF\HVWLPDWHVWKDW
PD\EHLQVXI¿FLHQWIRUFRQWUROOLQJVWHHULQJLQVRPHFLUFXPVWDQFHV:DQQHWDO2000).
,UUHVSHFWLYHRIZKHWKHUKHDGLQJLVVXI¿FLHQWWRLQIRUPVWHHULQJLWGRHVVHHPWKDWKXPDQVHQVLWLY-
LW\WRKHDGLQJFDQEHDIIHFWHGE\WKHTXDOLW\DQGTXDQWLW\RIÀRZ:DUUHQHWDO1988). Most experi-
PHQWVWKDWKDYHFRPSDUHGWH[WXUHGJURXQGZLWKGRWÀRZKDYHGRQHVRLQRUGHUWRH[DPLQHKHDGLQJ
SHUFHSWLRQHJ/L	&KHQJ2011b5HFHQWO\KRZHYHU/LDQG&KHQJ2011a) examined steering 
SHUIRUPDQFHXQGHUFRQGLWLRQVRIGRWÀRZDQGWH[WXUHGJURXQG7KH\XVHGWKHSDUDGLJPRIVWHHULQJ
WRZDUGVDQRIIVHWWDUJHWDWZDONLQJVSHHGVPV:KLOHWKH\IRXQGWKDWSDUWLFLSDQWVLQLWLDWHGVWHHULQJ
UHVSRQVHVIDVWHUZKHQWKHJURXQGKDGDGHQVHWH[WXUHWKH¿QDOHUURUVZHUHQRGLIIHUHQWDFURVVGLIIHU-
HQWGHQVLWLHV,QWHUPVRIWKHSDWKVWDNHQLQWKLVVWXG\LQVWHDGRIIROORZLQJDFXUYHGSDWKWRZDUGVWKH
WDUJHWDVSHU:LONLH	:DQQWKHDQJOHEHWZHHQKHDGLQJDQGWKHWDUJHWZDVUDSLGO\QXOOL¿HG
LQDOOYLVXDOFRQGLWLRQV7KLVVWHHULQJEHKDYLRXUFDQEHH[SODLQHGE\WKHVORZORFRPRWRUVSHHGXVHG
Wilkie and Wann (SURSRVHWKDWDKHDGLQJQXOOLQJVWUDWHJ\LVRQO\LPSOHPHQWHGDWVORZZDONLQJ
VSHHGVZKHQSHRSOHFDQFKDQJHWKHGLUHFWLRQRIPRWLRQUDSLGO\HJE\SLYRWLQJRQRQHIRRW%HFDXVH
RIPRPHQWXPFRQVWUDLQWVDWWHPSWLQJWRFORVHGRZQWKHWDUJHWDQJOHUDSLGO\ZKHQUXQQLQJLVGLI¿FXOW
DQGQLJKRQLPSRVVLEOHDWKLJKHUORFRPRWRUVSHHGVHJZKHQVWHHULQJDELF\FOHRUGULYLQJDFDU
7KHSXUSRVHRIWKHSUHVHQWVWXG\LVWRH[DPLQHÀRZFRQGLWLRQVVLPXODWLQJIDVWORFRPRWRUVSHHGV
,QSDUWLFXODUZHZLVKHGWRGHWHUPLQHZKHWKHUGRWÀRZGLVSOD\VSURYLGHHTXLYDOHQWLQIRUPDWLRQDVD
photorealistic texture when making heading judgements and also when steering. The second aim is to 
H[DPLQHZKHWKHUYLVXDOGLVSOD\VWKDWSURGXFHVXI¿FLHQWLQIRUPDWLRQWRMXGJHKHDGLQJDUHDOVRDGHTXDWH
WRFRQWUROVWHHULQJ7RYDU\WKHTXDOLW\RIGRWÀRZGLVSOD\VFRQWDLQHGDGLIIHUHQWQXPEHURIGRWVDQG
GRWVRIKLJKRUORZOXPLQRVLW\)RUFRPSDULVRQDULFKJURXQGWH[WXUHZDVDOVRXVHG,QWKH¿UVWH[SHUL-
PHQW+HDGLQJSDUWLFLSDQWV LQGLFDWHGWKHGLUHFWLRQRI WUDYHODIWHUDEULHI WUDQVODWLRQ,Q WKHVHFRQG
H[SHULPHQW6WHHULQJSDUWLFLSDQWVDFWLYHO\VWHHUHGWRZDUGVDQRIIVHWWDUJHW:HPLJKWH[SHFWKHDGLQJ
HUURUVWRLQFUHDVHDVWKHTXDOLW\RILQIRUPDWLRQLQWKHYLVXDOGLVSOD\VLVGHJUDGHGDVSHU:DUUHQHWDO
1988&UXFLDOO\FRPSDULQJZKHWKHUWKHSDWWHUQVRIHUURUVDUHVLPLODUDFURVVWKHWZRH[SHULPHQWVZLOO
indicate the degree to which performance when judging heading translates to accurate steering.
2 General method
2.1  Participants
,Q([SHULPHQW+HDGLQJSDUWLFLSDQWVZHUHWHVWHG$OOEXWWZRZHUHQDwYHWRWKHSXUSRVHRIWKH
H[SHULPHQW2QHSDUWLFLSDQWZDVUHPRYHGIURPWKHDQDO\VLVDIWHUEHLQJLGHQWL¿HGDVDQH[WUHPHRXWOLHU
GXULQJGDWDDQDO\VLV,%0636627KHWZRQRQQDwYHSDUWLFLSDQWVZHUHQRWLGHQWL¿HGDVRXWOL-
HUV7KHPHDQDJHRIWKHSDUWLFLSDQWVXVHGLQWKHDQDO\VLVZDV\HDUVDQGQLQHRIWKHPZHUH
males.
,Q([SHULPHQW6WHHULQJSDUWLFLSDQWVZHUHWHVWHG$OOZHUHQDwYHWRWKHSXUSRVHRIWKHH[SHU-
LPHQWH[FHSWRQH6LPLODU WR WKH+HDGLQJH[SHULPHQWRQHSDUWLFLSDQWZDV LGHQWL¿HGDVDQH[WUHPH
RXWOLHU DQG UHPRYHG IURP VXEVHTXHQW DQDO\VLV7KH QRQQDwYH SDUWLFLSDQW ZDV QRW LGHQWL¿HG DV DQ
RXWOLHU7KHPHDQDJHRIWKHQLQHSDUWLFLSDQWVXVHGLQWKHDQDO\VLVZDV\HDUVDQGRQHRI
them was female.
All participants in both experiments had normal or corrected-to-normal vision and it was ensured 
WKDWWKH\FRXOGVHHDOOWKHGLVSOD\VEHIRUHWKHH[SHULPHQWVVWDUWHG3DUWLFLSDQWVZHUHUHFUXLWHGWKURXJK
WKH,QVWLWXWHRI3V\FKRORJLFDO6FLHQFHV8QLYHUVLW\RI/HHGV7HVWLQJFRPSOLHGZLWKWKHHWKLFDOJXLGH-
OLQHVODLGRXWE\WKHGHFODUDWLRQRI+HOVLQNLDQGHWKLFDODSSURYDOZDVJLYHQE\WKHHWKLFVFRPPLWWHH
RIWKH8QLYHUVLW\RI/HHGV3DUWLFLSDQWVJDYHLQIRUPHGFRQVHQWWRWDNHSDUWLQWKHVWXG\NQRZLQJWKDW
WKH\ZHUHIUHHWRZLWKGUDZDWDQ\WLPHDOOSDUWLFLSDQWVZHUHGHEULHIHGDWWKHHQGRIHDFKH[SHULPHQW
2.2  Apparatus
$3&ZLWK,QWHOL*+]SURFHVVRUJHQHUDWHGLPDJHVDW+]ZLWKDUHVROXWLRQRI3 
SL[HOV,PDJHVZHUHFUHDWHGXVLQJ:RUOG9L]9L]DUGDQGZHUHSURMHFWHGXVLQJD6DQ\R/LTXLG 
&U\VWDO3URMHFWRU3/&;8RQWRDEDFNSURMHFWLRQVFUHHQZLWKGLPHQVLRQVRI3P3DU-
WLFLSDQWVVDWPDZD\IURPWKLVVFUHHQPDNLQJWKHWRWDO¿HOGRIYLHZ3$KHLJKWDGMXVW-
DEOHUDFLQJVW\OHGULYLQJVHDWZDVXVHGWRPDLQWDLQH\HKHLJKWPDERYHWKHJURXQG3DUWLFLSDQWV
2When the analysis in either experiment is carried out including the outliers, the main efects remain the same but 
we do observe smaller efect sizes.
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VDWLQDPDWWEODFNERRWKVRWKDWWKHSURMHFWLRQSURYLGHGWKHRQO\VRXUFHRIOLJKW,QWKH6WHHULQJH[SHUL-
PHQW D IRUFHIHHGEDFNZKHHO /RJLWHFK*ZDVXVHG WR FRQWURO VWHHULQJ5RWDWLRQRI WKHZKHHO
LQFUHDVHG WKHUDWHRIFKDQJHRIKHDGLQJZLWKDPLQLPXPVWHSVL]HRIGHJV6WHHULQJFKDQJHV
ZHUHDSSOLHGWRWKHVLPXODWHGGLUHFWLRQRIPRWLRQDVWKRXJKURWDWHGRQDSRLQWZLWKQRDSSOLFDWLRQRI
YHKLFOHG\QDPLFV:KHQVWHHULQJWKHVLPXODWHGYLHZGLUHFWLRQOLQHRIVLJKWZDVDOZD\VDOLJQHGZLWK
WKHGLUHFWLRQRIWUDYHOKHDGLQJDVZRXOGEHWKHFDVHGXULQJQRUPDOORFRPRWLRQ7KHFRQWUROFKDUDF-
WHULVWLFVRIVWHHULQJFKDQJHVWKHUHIRUHDOVRDSSO\WRWKHYLHZGLUHFWLRQ7KHVDPHZKHHOZDVXVHGE\
participants in the Heading experiment to move a visual probe presented at the end of each trial in the 
direction of heading. Participants used a button on the steering wheel to record their response.
2.3  ([SHULPHQWDOGHVLJQ
2.3.1  Heading experiment
3DUWLFLSDQWVZHUHVHDWHG LQ IURQWRID ODUJHVFUHHQDQGSUHVHQWHGZLWKGLVSOD\V WKDW VLPXODWHGVHOI
PRWLRQLQDQRIIVHWGLUHFWLRQIRUVDWDFRQVWDQWVSHHGRIPVDSSUR[LPDWHO\NPK$IWHU
WKHPRWLRQVWRSSHGDSRLQWHUDSSHDUHGRQWKHKRUL]RQDQGSDUWLFLSDQWVZHUHDVNHGWRPRYHWKHSRLQWHU
DORQJ WKH KRUL]RQ XVLQJ WKH VWHHULQJ ZKHHO WR SRLQW WR WKH GLUHFWLRQ RI KHDGLQJ 7KH\ PDGH WKHLU
UHVSRQVHE\SUHVVLQJDEXWWRQZKLFKDOVRVWDUWHGWKHQH[WWULDO7KHSRLQWHUDOZD\VDSSHDUHGLQDUDQ-
dom location on the horizon and the direction of the control mapping between the steering wheel and 
WKHSRLQWHUZDVUDQGRPO\VZLWFKHGVRPHWLPHVDOHIWWXUQPRYHGWKHSRLQWHUOHIWDQGVRPHWLPHVULJKW
WRUHPRYHDQ\SRVVLELOLW\WKDWSDUWLFLSDQWV¶PLJKWXVHDUHPHPEHUHGPRWRULFUHVSRQVHIURPDSUHYLRXV
WULDO3DUWLFLSDQWVZHUHJLYHQDVKRUWSUDFWLFHRIDSSUR[LPDWHO\¿YHWULDOVWRHQVXUHWKH\XQGHUVWRRG
the task.
7KHUHZHUH¿YHGRWÀRZFRQGLWLRQVZLWKDGLIIHUHQWQXPEHUVRIGRWVDQG
GRWVP2ZKLFKHTXDWHVWRDQDSSUR[LPDWHUDQJHRI±YLVLEOHGRWVRQWKHVFUHHQDWRQH
WLPH0RUHRYHUWZROXPLQDQFHOHYHOVZHUHXVHGYLVLEOHDQGIDGHGZKHUHGRWOXPLQDQFHZDVUHGXFHG
E\,QDGGLWLRQWRGRWÀRZDVLQJOHWH[WXUHÀRZFRQGLWLRQZDVXVHGZLWKDSKRWRUHDOLVWLFJURXQG
texture (see Figure 1IRUH[DPSOHÀRZFRQGLWLRQV
7KUHHGLIIHUHQWRIIVHWDQJOHVZKHUHXVHGIRUVLPXODWHGKHDGLQJGLUHFWLRQDWDQGDW
either side of the centre of the screen. The viewing direction remained constant and was decoupled 
IURPWKHGLUHFWLRQRIWUDYHORWKHUZLVHWKHFHQWUHRIWKHVFUHHQZRXOGDOZD\VKDYHEHHQWKHGLUHFWLRQ
Figure 1. ([DPSOHGLVSOD\IRUWKHGHQVHUGRWÀRZFRQGLWLRQGRWVP2) in the upper panel and the photorealistic 
³WH[WXUH´FRQGLWLRQLQWKHORZHUSDQHO7KHVFHQHZDVFOLSSHGDWPLQERWKH[SHULPHQWV3DUWLFLSDQWVYLHZHGWKH
VFHQHELQRFXODUO\ZLWKRXWDQ\KHDGPRYHPHQWUHVWULFWLRQV
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RIKHDGLQJ$MLWWHURIZDVDGGHGWRHDFKKHDGLQJGLUHFWLRQWRPLQLPLVHOHDUQLQJRIWKHSDUWLFXODU
KHDGLQJGLUHFWLRQV'XULQJDQDO\VLVWKHVHMLWWHUHGWULDOVWRWKHOHIWDQGULJKWZHUHFROODSVHGLQWRWKUHH
ELQVDQG7KHUHZHUHVL[WULDOVSHUFRQGLWLRQWKUHHWROHIWRIWKHFHQWUHDQGWKUHHWRWKH
ULJKWPDNLQJLWDWRWDORIWULDOVGRWÀRZFRQGLWLRQV3YLVLELOLW\FRQGLWLRQV1 1 (textured 
ground condition) 3KHDGLQJDQJOHELQV3 6 trials).
2.3.2  Steering experiment
7KHVDPHEDVLFGLVSOD\VZHUHXVHGLQWKH6WHHULQJH[SHULPHQWDVWKRVHLQWKH+HDGLQJH[SHULPHQWVHH
WKHDERYHVHFWLRQZLWK¿YHGRWÀRZFRQGLWLRQVZLWKWZROHYHOVRIOXPLQRVLW\HDFKDQGDWH[WXUHG
JURXQGFRQGLWLRQ$QHFFHQWULFWDUJHWSROHZDVDOVRDGGHGWRWKHVFHQHWRSURYLGHDVWHHULQJJRDODQG
EHFDXVHRIWKHFKDQJHLQGLUHFWLRQWKHGLVSOD\VGLGFRQWDLQDQDGGLWLRQDOURWDWLRQFRPSRQHQWQRWMXVW
linear translation as in the Heading experiment).
3DUWLFLSDQWV ZHUH VHDWHG LQ IURQW RI D ODUJH VFUHHQ DQG SUHVHQWHG ZLWK GLVSOD\V WKDW VLPXODWHG
VHOIPRWLRQDWDFRQVWDQWVSHHGRIPVDSSUR[LPDWHO\NPKIRUVWKHWULDOWLPHZDVORQJHU
WRDOORZVXI¿FLHQWWLPHWRJHQHUDWHDVWHHULQJUHVSRQVH$QHFFHQWULFWDUJHWSROHZDVYLVLEOHLQWKH
HQYLURQPHQW ORFDWHGPDZD\7KHSDUWLFLSDQWV¶WDVNZDVWRVWHHUDVVPRRWKO\DQGDFFXUDWHO\DV
WKH\FRXOGWRZDUGVWKHWDUJHWDOWKRXJKWKHWULDODOZD\VVWRSSHGDIWHUVZKLFKZDVEHIRUHWKHWDUJHW
was reached).
,Q WKH+HDGLQJH[SHULPHQW WKHRIIVHWDQJOHVZHUHDWDQG +RZHYHUD 
WDUJHWRIIVHWUHTXLUHVPLQLPDOVWHHULQJWRFRUUHFWKHQFHWKHRIIVHWZDVUHPRYHGDQGDQRIIVHWRI
LQWURGXFHGDQGZHUHWKHUHIRUHXVHGLQERWKH[SHULPHQWV$VLQWKH+HDGLQJH[SHULPHQWD
MLWWHURIZDVDGGHG-LWWHUHGWULDOVWRWKHOHIWDQGULJKWZHUHFROODSVHGLQWRWKUHHELQVDQG
IRUWKHDQDO\VLV7KHUHZHUHVL[WULDOVSHUFRQGLWLRQWKUHHWRWKHOHIWRIWKHFHQWUHDQGWKUHHWRWKH
ULJKWRIWKHFHQWUHRIWKHVFUHHQPDNLQJLWDWRWDORIWULDOVGRWÀRZFRQGLWLRQV3YLVLELOLW\
conditions) 11 (textured ground condition) 3KHDGLQJDQJOHELQV3 6 trials).
2.4  $QDO\VLV
,Q WKH +HDGLQJ H[SHULPHQW IRU HDFK WULDO WKH GLIIHUHQFHEHWZHHQ WKH DFWXDO DQG LQGLFDWHGKHDGLQJ
angles was taken. RMS error of the six trials was calculated per condition per participant to provide 
DQRYHUDOOPHDVXUHRIHUURU ³KHDGLQJHUURU´7RGHWHUPLQH LI WKHUHZDVELDV LQ WKH MXGJHPHQWVD
GLUHFWLRQDO KHDGLQJ HUURU ZDV FDOFXODWHG ZKHUHE\ KHDGLQJ HVWLPDWHV JUHDWHU WKDQ WKH WDUJHW RIIVHW
(overestimates) were positive and heading estimates smaller than the target offset (underestimates) 
ZHUHQHJDWLYH³VLJQHGKHDGLQJHUURU´7DNHQWRJHWKHUWKHVHPHDVXUHVZLOOLQGLFDWHKRZFORVHHVWL-
mates were to the actual direction of heading and whether there was consistent bias in the estimates in 
a particular direction.
,Q WKH 6WHHULQJ H[SHULPHQW WKH WUDMHFWRU\ RI HDFK WULDO IRU HDFK SDUWLFLSDQW ZDV H[WUDSRODWHG
WRZDUGV WKH WDUJHW IURP WKHLUSRVLWLRQDQGKHDGLQJ LQ WKH¿QDO IUDPH VHHFigure 2). The error (in 
degrees) was calculated between the extrapolation and the target position. Similar to the Heading 
H[SHULPHQWWKH506HUURU³VWHHULQJHUURU´DQGVWHHULQJELDV³VLJQHGVWHHULQJHUURU´RIWKHVL[WULDOV
SHUFRQGLWLRQSHUSDUWLFLSDQWZDVFDOFXODWHGSRVLWLYHELDVZDVDQRYHUHVWLPDWHRI WKHWDUJHWRIIVHW
−10
0
10
0 5 10 15 20 25 30 35 40 45 50 55
D
is
ta
n
ce
 (
m
)
Distance (m)
Figure 2. Top-down view of steering trajectories of all conditions for one participant (solid black lines). These 
WUDMHFWRULHVZHUHH[WUDSRODWHGJUH\OLQHVXVLQJFXUYH¿WWLQJDOJRULWKPVRQWKHODVWVRIHDFKWULDOLQRUGHUWR
calculate steering error relative to the steering target (black circle).
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³RYHUVWHHU´ZKHUHDVDQHJDWLYHELDVZDVDQXQGHUHVWLPDWHRIWDUJHWHVWLPDWH³XQGHUVWHHU´(DFKWUD-
MHFWRU\ZDVH[WUDSRODWHGVLQFHVLPXODWHGPRWLRQVWRSSHGEHIRUHSDUWLFLSDQWVUHDFKHGWKHWDUJHW7KLV
ZDVGRQHWRHQVXUHWKDWWKHPHDVXUHRIVWHHULQJHUURUUHÀHFWHGWKHXVHRIÀRZLQIRUPDWLRQWKURXJKRXW
WKHWULDOUDWKHUWKDQDQ\ODVWPLQXWHVWHHULQJDGMXVWPHQWVWKDWPD\KDYHEHHQLQLWLDWHGPHUHO\EHFDXVH
WKHWDUJHWPRYHGUDSLGO\WRZDUGVWKHHGJHRIWKHGLVSOD\ZKLFKRFFXUVIRUHYHQVPDOOHUURUVDWFORVH
GLVWDQFHV7KHH[WUDSRODWLRQZDVGRQHXVLQJWKLUGGHJUHHSRO\QRPLDOFXUYH¿WWLQJDOJRULWKPVRQWKH
last 0.66 s of each trial.
3 Heading experiment: Results and discussion
3.1  'RWÀRZ
)LUVW WR H[DPLQH ZKHWKHU GHJUDGLQJ WKH ÀRZ LQIRUPDWLRQ ZRXOG LQGHHG OHDG WR DQ LQFUHDVH LQ KHDG-
LQJHUURUDUHSHDWHGPHDVXUHV$129$ZDVFDUULHGRXWGRWÀRZFRQGLWLRQV3YLVLELOLW\FRQGL-
tions) 3KHDGLQJDQJOHV7KHUHVXOWVRIWKLV$129$DUHVXPPDULVHGRQTable 1. Although there 
ZHUHVLJQL¿FDQWPDLQHIIHFWVIRUDOOWKUHHIDFWRUVDOOWKUHHWZRZD\LQWHUDFWLRQVZHUHDOVRVLJQL¿FDQW
and so we will focus on these.
7KHVLJQL¿FDQWLQWHUDFWLRQEHWZHHQWKHQXPEHURIGRWVDQGWKHYLVLELOLW\RIWKHGRWVLVVKRZQLQ
)LJXUHD (performance of participants in the textured ground condition is also shown for compari-
VRQ8QGHUFRQGLWLRQVRIGLPLQLVKHGRSWLFÀRZ³IDGHG´KHDGLQJHUURUVJUDGXDOO\LQFUHDVHDVWKH
QXPEHURIGRWVGHFUHDVHVZKHUHDVXQGHUIXOOYLVLELOLW\WKHUHLVOLWWOHHIIHFWRIGHFUHDVLQJWKHQXPEHURI
dots. The other interactions (Dots 3$QJOHDQG9LVLELOLW\3 Angle) show that increasing target eccen-
WULFLW\OHDGVWRODUJHUKHDGLQJHUURUVRQO\ZKHQÀRZLVRIUHGXFHGTXDOLW\)LJXUHE shows this effect 
IRUÀRZFRQWDLQLQJIHZHUGRWVDQG)LJXUHFVKRZVLWZKHQÀRZLVIDGHG
$IRUPDODQDO\VLVRIWKHVLJQHGKHDGLQJHUURUVUHYHDOHGDVLJQL¿FDQWLQWHUDFWLRQEHWZHHQQXPEHU
RIGRWVDQGYLVLELOLW\FRQGLWLRQVF5p 5Ș
p
2 5DQGDVLJQL¿FDQWLQWHUDFWLRQ
between number of dots and angle (F5p 5Ș
p
2 5 0.17) shown in Figures 4(a) and 
(b)UHVSHFWLYHO\7KHLQWHUDFWLRQEHWZHHQQXPEHURIGRWVDQGYLVLELOLW\LVGULYHQE\WKHODUJHQHJDWLYH
ELDVIRUWKHFRQGLWLRQZLWKWKHIHZHUGRWVLQWKHIDGHGFRQGLWLRQZKLOHWKHLQWHUDFWLRQEHWZHHQQXPEHU
RIGRWVDQGKHDGLQJDQJOHLVGULYHQE\XQGHUHVWLPDWLQJKHDGLQJLQWKHODUJHVWKHDGLQJDQJOHZKHQ
ÀRZFRQWDLQHGIHZGRWV
506KHDGLQJHUURUVLQWKHIXOOYLVLELOLW\FRQGLWLRQVDUHDSSUR[LPDWHO\ZKLFKLVDW&XWWLQJ¶V
(1986WKUHVKROGIRUORFRPRWRUFRQWURO6LPSO\UHGXFLQJWKHQXPEHURUOXPLQDQFHRIGRWVZDV
QRWVXI¿FLHQWWRFDXVHHUURUVZKHQKHDGLQJDQJOHVZHUHVPDOOKRZHYHUDFRPELQDWLRQRIWKHVHIDFWRUV
did impair heading judgments. Large heading angles combined with a small number of dots or reduced 
luminance dots led to errors .)RUVPDOOKHDGLQJDQJOHVDFRPELQDWLRQRIUHGXFHGQXPEHUVDQG
luminance of dots also led to larger (.KHDGLQJHUURUV2YHUDOOLWDSSHDUVWKDWWKLVH[SHULPHQWDO
SDUDGLJPLVDEOHWRLGHQWLI\FRQGLWLRQVZKHUHRSWLFÀRZGRHVQRWSURYLGHVXI¿FLHQWLQIRUPDWLRQIRUWKH
SDUWLFLSDQWVWRHVWLPDWHWKHLUGLUHFWLRQRIKHDGLQJWRDVXI¿FLHQWOHYHORIDFFXUDF\WRLQIRUPVWHHULQJ
Table 1. Results of the repeated-measures ANOVA in the Heading 
experiment using only the ive dot-low conditions with two levels 
of luminance each and the three heading angles.
F dof p η
p
2
Number of Dots 13.25 4, 52 ,0.001** 0.50
Visibility 6.48 1, 13 0.024* 0.33
Heading Angle 4.61 2, 26 0.019* 0.26
Dots 3 Visibility 5.95 4, 52 0.001* 0.30
Dots 3 Angle 3.62 8, 104 0.002* 0.20
Visibility 3 Angle 5.58 1.34, 17.49 0.022* 0.30
Dots 3 Visibility 3 
Angle
1.80 8, 104 0.086
*Signiicant at the p , 0.05 level; **signiicant at the p , 0.001 level.
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DVVSHFL¿HGE\DWKUHVKROGLGHQWL¿HGE\&XWWLQJ1986,QWKHQH[WH[SHULPHQWZHZLOOGHWHUPLQH
ZKHWKHUWKHVHFRQGLWLRQVDFWXDOO\PDSRQWRWKHFDVHVZKHUHSDUWLFLSDQWVVWUXJJOHWRVWHHUHIIHFWLYHO\
3.2  'RWÀRZDQGWH[WXUHGJURXQG
%HIRUHZHH[DPLQHVWHHULQJZHVWLOOZLVKHGWRH[DPLQHZKHWKHUWKHUHZDVDGLIIHUHQFHEHWZHHQWKH
LQIRUPDWLRQSURYLGHGE\WKHGRWÀRZDQGWH[WXUHGJURXQGSODQHWKHUHIRUHDÀRZFRQGLWLRQV3
KHDGLQJDQJOHVUHSHDWHGPHDVXUHV$129$ZDVFDUULHGRXW ,QRUGHU WRNHHSWKHIDFWRULDOGHVLJQ
WKHIDGHGGRWVFRQGLWLRQVZHUHH[FOXGHGIURPWKHDQDO\VLVDQGWKHWH[WXUHGJURXQGZDVLQWURGXFHG,Q
SUHYLRXVH[SHULPHQWVFRQGXFWHGE\/LHWDO20062011WKHUHZHUHQRGLIIHUHQFHVEHWZHHQWKHDFFX-
UDF\RIKHDGLQJMXGJHPHQWVIURPGRWÀRZDQGWH[WXUHGJURXQG2XU506HUURUUHVXOWVDUHFRQVLVWHQW
ZLWKWKLVWKHUHZDVQRVLJQL¿FDQWPDLQHIIHFWRIÀRZF5p 5KHDGLQJDQJOHF
26) 5p 5DQGQRVLJQL¿FDQWLQWHUDFWLRQF5p 5 0.650 on heading error.
:KLOHWKHPDJQLWXGHRIHUURUGLGQRWGLIIHUEHWZHHQÀRZW\SHVLWDSSHDUVWKDWWKHUHZHUHGLIIHU-
HQFHVLQWKHGLUHFWLRQRIKHDGLQJHUURUV:KHQH[DPLQLQJVLJQHGKHDGLQJHUURUVZHIRXQGDVLJQL¿FDQW
0
1
2
3
4
5
6
7
8
0.42 1.25 3.75 11.25 33.75
Visible
Faded
Textured Ground
0
1
2
3
4
5
6
7
8
0.42 1.25 3.75 11.25 33.75
10°
14°
18°
0
1
2
3
4
5
6
7
8
10° 14° 18°
Visible
Faded
0
1
2
3
4
5
6
7
8
0.42 1.25 3.75 11.25 33.75
0
1
2
3
4
5
6
7
8
14° 18° 22°
Visible
Faded
Visible
Faded
Textured Ground
HEADING STEERING
H
e
a
d
in
g
 E
rr
o
r 
(d
e
g
re
e
s)
H
e
a
d
in
g
 E
rr
o
r 
(d
e
g
re
e
s)
H
e
a
d
in
g
 E
rr
o
r 
(d
e
g
re
e
s)
(a)
(b)
(c)
(d)
(f)
S
te
e
ri
n
g
 E
rr
o
r 
(d
e
g
re
e
s)
S
te
e
ri
n
g
 E
rr
o
r 
(d
e
g
re
e
s)
S
te
e
ri
n
g
 E
rr
o
r 
(d
e
g
re
e
s)
№ of dots per m² № of dots per m²
№ of dots per m² № of dots per m²
Heading Angle Initial Heading Angle
Heading Angle:
0
1
2
3
4
5
6
7
8
9
10
0.42 1.25 3.75 11.25 33.25
22°
14°
18°
Visible Faded(e)
Initial Heading Angle:
Figure 3. &RPSDULQJ506HUURUVLQWKH+HDGLQJD±FDQG6WHHULQJG±IH[SHULPHQWVD+HDGLQJHUURUVIRUWKH
GLIIHUHQWOHYHOVRIÀRZYLVLELOLW\RSHQV\PEROV5³IDGHG´¿OOHGV\PEROV5³YLVLEOH´DQGGLIIHUHQWQXPEHUVRI
GRWVRQWKHJURXQG)RUDFRPSDULVRQWKHHUURUIRUWKHWH[WXUHGJURXQGFRQGLWLRQLVVKRZQE\WKHGRWWHGOLQH
VWDQGDUGHUURURIWKHPHDQ6(0JUH\UHFWDQJOHEKHDGLQJHUURUVIRUWKHGLIIHUHQWKHDGLQJDQJOHVWULDQJOHV5 
VTXDUHV5DQGGLDPRQG5DQGGLIIHUHQWQXPEHUVRIGRWVRQWKHJURXQGFKHDGLQJHUURUVIRUWKH
GLIIHUHQWOHYHOVRIÀRZYLVLELOLW\RSHQV\PEROV5³IDGHG´¿OOHGV\PEROV5³YLVLEOH´DFURVVGLIIHUHQWKHDGLQJ
DQJOHV3DQHOVG±IPDWFKD±FEXWGHSLFWVWHHULQJHUURU7KHRQO\GLIIHUHQFHLQFRQGLWLRQVWRQRWHLVWKDWLQH
WKHLQLWLDOKHDGLQJDQJOHRIZDVUHSODFHGE\DQDQJOHRI¿OOHGFLUFOHVDQGWKHYHUWLFDOVFDOHKDVEHHQ
LQFUHDVHGWR,QDOOFDVHVEDUVUHSUHVHQWWKH6(0
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PDLQHIIHFWRIÀRZ F5p 5Șp2 5ZKHUHE\KHDGLQJ MXGJHPHQWVLQ WH[WXUH FRQGLWLRQV ZHUH RYHUHVWLPDWHG FRPSDUHG ZLWK YLVLEOH GRWÀRZ EXW QR VLJQL¿FDQW HIIHFW
of angle (F5p 5Șp2 5DQGQRVLJQL¿FDQWLQWHUDFWLRQEHWZHHQWKH
two (F5p 5Șp2 57KHPDLQHIIHFWRIÀRZLVVKRZQLQFigure 4(a) EODFNVROLGOLQHUHSUHVHQWVWKHGRWÀRZFRQGLWLRQVZKLOVWWKHEODFNGRWWHGOLQHWKHWH[WXUHGJURXQG
FRQGLWLRQ7RDQDO\VHWKHPDLQHIIHFWRIÀRZSODQQHGFRQWUDVWVZHUHXVHGWRFRPSDUHDOOGRWÀRZ
FRQGLWLRQVZLWKWKHWH[WXUHGJURXQGFRQGLWLRQ,WZDVIRXQGWKDWWKHWH[WXUHGJURXQGFRQGLWLRQZDVVLJ-
QL¿FDQWO\GLIIHUHQWIURPWKHGRWVP2 (F5p 5WKHGRWVP2 (F5 
p 5DQGWKHGRWVP2 (F5p 5,WVHHPVWKHQWKDWWKHJURXS
tended to overestimate heading direction in the textured ground condition compared with visible dot-
ÀRZFRQGLWLRQVEXWWKHVHHVWLPDWHVZHUHPRUHFRQVLVWHQWWKH506KHDGLQJHUURUVZHUHVLPLODUIRU
ERWKWH[WXUHGDQGYLVLEOHGRWÀRZFRQGLWLRQV
,QVXPPDU\LWDSSHDUVWKDWWKHTXDOLW\RILQIRUPDWLRQSURYLGHGE\IXOOOXPLQDQFHGRWÀRZDQG
JURXQGWH[WXUHVXSSRUWVVLPLODUOHYHOVRIDFFXUDF\506KHDGLQJHUURUWKRXJKSUHFLVLRQGRHVVHHPWR
be somewhat improved for texture. The next experiment will examine whether the same visual condi-
WLRQVSURYLGHVXI¿FLHQWLQIRUPDWLRQWRVXSSRUWDFFXUDWHVWHHULQJSHUIRUPDQFH
4 Steering experiment: Results and discussion
4.1  'RWÀRZ
$GRWÀRZFRQGLWLRQV3YLVLELOLW\FRQGLWLRQV3LQLWLDOKHDGLQJDQJOHVUHSHDWHGPHDVXUHV
$129$ZDVFDUULHGRXWRQWKH506VWHHULQJHUURUVWRFRPSDUHVWHHULQJSHUIRUPDQFHDFURVVGRWÀRZ
FRQGLWLRQVZKHQOXPLQDQFHZDVIXOO³YLVLEOH´RUGLPLQLVKHG³IDGHG´Table 2 shows the results of 
WKLV$129$
7KHUHZHUHVLJQL¿FDQWPDLQHIIHFWVIRUDOOWKUHHIDFWRUVDVLQWKH+HDGLQJH[SHULPHQW²VWHHULQJ
HUURULQFUHDVHGIRUODUJHULQLWLDOKHDGLQJDQJOHVIHZHUGRWVDQGUHGXFHGYLVLELOLW\)LJXUH,QOLQH
ZLWKWKH+HDGLQJH[SHULPHQWGRWYLVLELOLW\LQWHUDFWHGZLWKKHDGLQJDQJOHODUJHUDQJOHVFDXVHGJUHDWHU
VWHHULQJHUURUVDQHIIHFWWKDWZDVPRUHSURQRXQFHGZKHQGRWVZHUHIDGHGWKHRSHQV\PEROVKDYHD
steeper gradient in )LJXUHI7KHUHZDVDOVRDQLQWHUDFWLRQEHWZHHQYLVLELOLW\DQGGRWQXPEHU:KHQ
WKHÀRZ¿HOGZDVVSDUVH±GRWVP2IDGHGGRWVOHGWRODUJHUVWHHULQJHUURUVWKDQZKHQGRWV
were visible ()LJXUHG7KH WULSOH LQWHUDFWLRQEHWZHHQGRWQXPEHUYLVLELOLW\DQGDQJOHVKRZQLQ
)LJXUHH indicates that whereas there was little change in steering error in visible dots conditions 
EODFN¿OOHGV\PEROVZKHQWKHUHZHUHIHZHUGRWVRU ODUJHUKHDGLQJDQJOHVZKHQGRWVZHUHIDGHG
JUH\¿OOHGV\PEROVERWKIHZHUGRWVDQGODUJHUDQJOHVHOHYDWHGVWHHULQJHUURUV
:KLOHWKHJHQHUDOSDWWHUQRIHUURUVLQFUHDVLQJHUURUZKHQÀRZLVGHJUDGHGDQGDQJOHVLQFUHDVH
ORRNVEURDGO\VLPLODUIRUWKH+HDGLQJDQG6WHHULQJH[SHULPHQWVWKHUHDUHVRPHLQWHUHVWLQJGLIIHUHQFHV
,W LVQRWDEOH WKDWKHDGLQJ MXGJHPHQWVVHHPWREH UREXVW WR IDGHGÀRZDQGDV IHZDVGRWVP2
ZKHUHDVVWHHULQJHUURUVDUHHOHYDWHGXQGHUWKHVHFRQGLWLRQVDQGRQO\UHGXFHZKHQWKHQXPEHURIGRWV
increase to 11.25 per m2:HDUHREVHUYLQJFRQGLWLRQVWKHUHIRUHZKHUHSDUWLFLSDQWVFDQDFFXUDWHO\
MXGJHWKHLUKHDGLQJGLUHFWLRQHUURUVEHORZEXWWKLVDORQHGRHVQRWHQDEOHDFFXUDWHVWHHULQJ
%HFDXVH VWHHULQJ HUURUV LQFUHDVHG ZLWK ODUJHU LQLWLDO KHDGLQJ DQJOHV ZHZDQWHG WR HQVXUH WKDW
WKHGLIIHUHQFHVEHWZHHQ+HDGLQJDQG6WHHULQJZHUHQRWPHUHO\FDXVHGE\WKHUHSODFHPHQWRIWKH
Figure 4. D7KHLQWHUDFWLRQEHWZHHQQXPEHURIGRWVDQGGRWYLVLELOLW\IRUVLJQHGKHDGLQJHUURUE7KHLQWHUDFWLRQ
between number of dots and heading angle for signed heading error.
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KHDGLQJWULDOVZLWKWKHVWHHULQJWULDOV$FRPSDULVRQRIMXVWWKHWULDOVVTXDUHV\PEROVDQG
WULDOVWULDQJOHV\PEROVLQ)LJXUHVE and (e)FRQ¿UPVWKDWHUURUVZHUHHOHYDWHGIRUVWHHULQJFRP-
SDUHGZLWKKHDGLQJMXGJHPHQWVIRULQWHUPHGLDWHQXPEHUVRIGRWVDQG7KHGLIIHUHQFHV
EHWZHHQ+HDGLQJDQG6WHHULQJDUHH[DPLQHGPRUHIRUPDOO\LQWKHQH[WVHFWLRQZKHUHZHFRPSDUH
YLVLEOHGRWÀRZDQGWH[WXUH
7RGHWHUPLQHLIWKHUHZHUHV\VWHPDWLFELDVHVLQVWHHULQJZHFDUULHGRXWDGRWÀRZFRQGLWLRQV3 
YLVLELOLW\FRQGLWLRQV3LQLWLDOKHDGLQJDQJOHVUHSHDWHGPHDVXUHV$129$RQVLJQHGVWHHULQJ
HUURU:KLOVWDOO WKUHHPDLQHIIHFWV\LHOGHGVLJQL¿FDQWUHVXOWV WKHUHZHUHDOVRWZRVLJQL¿FDQW LQWHU-
DFWLRQVRQHEHWZHHQQXPEHURIGRWVDQGYLVLELOLW\ F5p ,Șp2 5DQGEHWZHHQYLVLELOLW\DQGLQLWLDOKHDGLQJDQJOHF5p 5Șp2 5 0.55). These interac-
tions are shown in Figures 5(a) and (b)UHVSHFWLYHO\Figure 5(a) shows that participants understeer 
most in the faded conditions when the number of dots decreases.
Figure 5(b)GLVSOD\VWKHLQWHUDFWLRQEHWZHHQLQLWLDOKHDGLQJDQJOHDQGYLVLELOLW\FRQGLWLRQIRUWKH
VLJQHGVWHHULQJHUURU:KLOHDODUJHULQLWLDODQJOHUHVXOWVLQJUHDWHUXQGHUVWHHUIRUERWKYLVLELOLW\FRQGL-
WLRQVWKLVHIIHFWLVPRUHSURQRXQFHGRQWKHIDGHGFRQGLWLRQDVVHHQE\WKHVWHHSHUVORSHLQFigure 5(b).
4.2  'RWÀRZDQGWH[WXUHGJURXQG
$UHSHDWHGPHDVXUHV ÀRZFRQGLWLRQV3 KHDGLQJDQJOHV$129$H[DPLQHG WKH IXOO\YLVLEOH
dots alongside the textured ground plane in order to determine whether there were differences in the 
LQIRUPDWLRQSURYLGHGE\GRWÀRZDQGWH[WXUHDVUHÀHFWHGLQWKH506VWHHULQJHUURU1RVLJQL¿FDQW
PDLQHIIHFWRIWKHÀRZFRQGLWLRQZDVIRXQGF5p 5Șp2 5DQGZKLOHWKHUHZDVDVLJQL¿FDQWHIIHFWRILQLWLDOKHDGLQJDQJOHF5p 5Șp2 5WKHUHZDVQRVLJQL¿FDQWLQWHUDFWLRQEHWZHHQWKHVHIDFWRUVF5p 5Șp2 5,WVHHPVWKDWLQWHUPVRIVWHHULQJHUURUWKHUHZHUHQRGLIIHUHQFHVEHWZHHQULFKGRWÀRZDQGWH[WXUHV7KHPDLQHIIHFWRI
Table 2. Results of the repeated-measures ANOVA in the 
Steering experiment using only the ive dot-low conditions 
with two levels of luminance each.
F dof p η
p
2
Number of Dots 16.71 4, 32 ,0.001** 0.68
Visibility 46.77 1, 8 ,0.001** 0.85
Heading Angle 28.28 2, 16 ,0.001** 0.78
Dots 3 Visibility 15.38 4, 32 ,0.001** 0.66
Dots 3 Angle 3.80 8, 64 0.001* 0.32
Visibility 3 Angle 9.04 2, 16 0.002* 0.53
Dots 3 Visibility 3 
Angle
2.30 8, 64 0.031* 0.22
*Signiicant at the p , 0.05 level; **signiicant at the  
p , 0.001 level.
Figure 5. D7KHLQWHUDFWLRQEHWZHHQQXPEHURIGRWVDQGYLVLELOLW\FRQGLWLRQDQGE WKHLQWHUDFWLRQEHWZHHQ
LQLWLDOKHDGLQJDQJOHDQGYLVLELOLW\FRQGLWLRQIRUVLJQHGVWHHULQJHUURU
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initial heading angle (shown in )LJXUHIEODFNOLQHZDVDQDO\VHGXVLQJUHSHDWHGFRQWUDVWVDQGZKLOH
QRVLJQL¿FDQWGLIIHUHQFHZDVIRXQGEHWZHHQWKHDQGFRQGLWLRQVF5p 5
WKHUHZDVDVLJQL¿FDQWGLIIHUHQFHEHWZHHQWKHDQGFRQGLWLRQVF5p 5
ZLWKWKHHUURURQWKHM 56(05EHLQJVLJQL¿FDQWO\ODUJHUWKDQWKHHUURURQWKH
condition (M 56(05 0.28).
7RVHHZKHWKHUWKHUHZHUHGLIIHUHQFHVLQHUURUELDVZHFDUULHGRXWWKHVDPHDQDO\VLVRQVLJQHG
VWHHULQJHUURU7KLVUHYHDOHGDPDLQHIIHFWRIWKHÀRZFRQGLWLRQF5p 5Șp2 5 
0.41) and a main effect of the initial heading angle (F5p 5Șp2 5 0.42). The PDLQHIIHFWRIÀRZLVVKRZQLQFigure 5(a)EODFNVROLGOLQHIRUWKH¿YHGRWÀRZFRQGLWLRQVDQGEODFN
GRWWHGOLQHIRUWKHWH[WXUHGJURXQGFRQGLWLRQ7KHPDLQHIIHFWZDVDQDO\VHGXVLQJSODQQHGFRQWUDVWV
FRPSDULQJDOORIWKHGRWÀRZFRQGLWLRQVWRWKHWH[WXUHGJURXQGFRQGLWLRQGLIIHUHQFHVZHUHRQO\IRXQG
IRUWKHPRVWVSDUVHGRWÀRZFRQGLWLRQZKHQWKHUHZHUHGRWVP2 (F5p 5 0.001).
7RUXOHRXWSRVVLEOHGLIIHUHQFHVEHFDXVHRIXVLQJWKHVWHHULQJDQJOHUDWKHUWKDQWKHKHDG-
LQJDQJOHLQWKH6WHHULQJH[SHULPHQWZHUHSHDWHGWKHDQDO\VLVIRU+HDGLQJDQG6WHHULQJXVLQJMXVWWKH
DQGDQJOHVIRUWKHVLJQHGHUURUV:KLOVWERWKH[SHULPHQWV\LHOGHGDVLJQL¿FDQWHIIHFWRIÀRZ
+HDGLQJF5p 5Șp2 56WHHULQJF5p 5Șp2 5WKHGLUHFWLRQDOSDWWHUQVZHUHGLIIHUHQWIRU+HDGLQJDQG6WHHULQJDVFDQEHVHHQLQFigure 6. Steering 
ELDVZDVVLPLODUIRUULFKGRWÀRZDQGWH[WXUHZLWKLQFUHDVHGXQGHUVWHHUDVWKHQXPEHURIGRWVZLWKLQ
ÀRZUHGXFHG,QFRQWUDVWKHDGLQJELDVZDVIDLUO\VLPLODUDFURVVGRWÀRZFRQWDLQLQJGLIIHUHQWQXPEHUV
RIGRWVWKRXJKKHDGLQJRYHUHVWLPDWHVLQFUHDVHGZKHQDWH[WXUHZDVXVHG
5 General discussion
'RWÀRZKDVEHHQXVHGZLWKLQFRPSXWHUJHQHUDWHGGLVSOD\VLQRUGHUWRH[DPLQHWKHDELOLW\RIKXPDQV
WRPDNHKHDGLQJMXGJPHQWV2XUUHVXOWVVKRZWKDWGHQVHKLJKFRQWUDVWGRWÀRZVWLPXOLOHDGWRVLPLODU
OHYHOVRIDFFXUDF\DVZKHQDSKRWRUHDOLVWLFWH[WXUHLVDSSOLHGWRWKHJURXQGDQGWKLVLVWUXHIRUERWK
KHDGLQJMXGJHPHQWVDQGVWHHULQJUHVSRQVHV7KHVH¿QGLQJVDJUHHZLWKWKRVHRI/LHWDO2011ZKR
H[DPLQHGGRWÀRZDQGWH[WXUHGJURXQGDQGIRXQGQRGLIIHUHQFHEHWZHHQWKHWZRFRQGLWLRQVDWZDON-
LQJVSHHGV+HUHZHH[WHQGWKLV¿QGLQJWRWUDYHOOLQJDWIDVWHUORFRPRWRUVSHHGVDQGVWHHULQJFRQGL-
tions where gradual changes to the direction of motion were executed.
,QWHUHVWLQJO\RXUUHVXOWVGRVXJJHVWWKDWSHUIRUPDQFHLVQRWZKROO\HTXLYDOHQWIRUKHDGLQJMXGJH-
PHQWVDQGVWHHULQJUHVSRQVHVDVÀRZEHFRPHVGHJUDGHGZKHQGRWÀRZFRQWDLQHGDQ LQWHUPHGLDWH
QXPEHURIGRWVVWHHULQJHUURUVLQFUHDVHGDVGRWVZHUHIDGHGZKHUHDVKHDGLQJMXGJHPHQWVZHUHXQDI-
IHFWHGE\ WKHVHGHJUDGHGFRQGLWLRQV ,W VHHPV WKHUHIRUH WKDW WKHDELOLW\RI DKXPDQ WRHIIHFWLYHO\
GHWHFWWKHLUGLUHFWLRQRIKHDGLQJGRHVQRWQHFHVVDULO\WUDQVODWHLQWRHIIHFWLYHVWHHULQJXVLQJWKHVDPH
GLVSOD\V
7KHGLIIHUHQFHVEHWZHHQKHDGLQJDQGVWHHULQJDUHUHLQIRUFHGE\WKHPHDVXUHVRIGLUHFWLRQDOHUURU
(see Figures 4a and 5a%HFDXVHRIWKHVLPLODULW\LQWKHPDJQLWXGHRIVLJQHGDQGXQVLJQHGVWHHULQJ
HUURUVZHEHOLHYHWKDWWKHVHSDWWHUQVRIELDVDUHIDLUO\FRQVLVWHQWIRUVWHHULQJ,QFRQWUDVWXQVLJQHG
KHDGLQJHUURUVZHUHPXFKODUJHUWKDQWKHVLJQHGKHDGLQJHUURUVZKLFKLQGLFDWHVWKDWKHDGLQJELDVZDV
QRWFRQVLVWHQWDQGRIDGLIIHUHQWSDWWHUQWRVWHHULQJ:KHQFRPSDULQJKHDGLQJDQGVWHHULQJSHUIRU-
PDQFHIRURQO\WKRVHWULDOVRIHTXLYDOHQWHFFHQWULFLW\Figure 6WKHGLIIHUHQFHVLQHUURUSDWWHUQVZHUH
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Figure 6. 7KHPDLQHIIHFWRIWKHÀRZFRQGLWLRQIRUWKH6WHHULQJDQG+HDGLQJH[SHULPHQWVXVLQJRQO\WKHWZR
common angle conditions between the two experiments.
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VWLOOHYLGHQWHJWKHUHZDVXQGHUVWHHUIRUGLVSOD\VFRQWDLQLQJIHZHUGRWVEXWQRXQGHUHVWLPDWHRIKHDG-
ing direction in these conditions (Figure 6). Both heading and steering methods have been used in the 
SDVWWRXQGHUVWDQGKXPDQORFRPRWRUFRQWUROEXWVXFFHVVDWPDNLQJKHDGLQJMXGJPHQWVKDVRIWHQEHHQ
the basis of generalised discussions about how human locomotor control is achieved with the natural 
LQIHUHQFHWKDWWKH\ZLOOLQIRUPVWHHULQJFRQWURO2XUHYLGHQFHLVSRWHQWLDOO\SUREOHPDWLFIRUWKHVXJ-
JHVWLRQWKDWVWHHULQJLVJXLGHGVROHO\E\KHDGLQJLIVWHHULQJLVEDVHGRQKHDGLQJWKHQDQRYHUHVWLPDWH
RIKHDGLQJDQJOHVKRXOGOHDGWRRYHUVWHHUUDWKHUWKDQXQGHUVWHHUDVZHDFWXDOO\REVHUYHG:HWKLQNLW
XQOLNHO\WKDWWKHRYHUHVWLPDWLRQRIKHDGLQJGLUHFWLRQFRXOGKDYHVRPHIXQFWLRQDOSXUSRVHHJWRFRP-
SHQVDWHIRUGHOD\VLQH[HFXWLQJDVWHHULQJUHVSRQVHEHFDXVHZHREVHUYHGWKHJUHDWHVWKHDGLQJRYHUHV-
timation for smaller angles (Figure 4b,WZRXOGIXQFWLRQDOO\EHPRUHXVHIXOWRLQLWLDOO\RYHUHVWLPDWH
ODUJHUKHDGLQJDQJOHVEXWLIDQ\WKLQJWKHVHFRQGLWLRQVOHGWRXQGHUHVWLPDWLRQ)XUWKHUPRUHZKLOVWDQ
LQLWLDORYHUHVWLPDWHPLJKWEHIXQFWLRQDOO\XVHIXOZKHQLQLWLDWLQJVWHHULQJWRFORVHGRZQWKHDQJOHDWD
IDVWHUUDWHDFFXUDWHKHDGLQJHVWLPDWHVZRXOGDFWXDOO\EHUHTXLUHGIRUWKHPDMRULW\RIWKHWUDMHFWRU\LQ
RUGHUWRVWHHUVXFFHVVIXOO\RQFHWKHDQJOHWRWKHWDUJHWKDVEHHQFORVHGGRZQ
The reason we carried out the Heading and Steering experiments was in order to examine the 
UHODWLRQVKLSEHWZHHQFRPPRQO\XVHGH[SHULPHQWDOGLVSOD\V,QSDUWLFXODUZHFKRVHWRXVHOLQHDUKHDG-
LQJWUDMHFWRULHVVLQFHWKH\KDYHEHHQVKRZQWRSURGXFHUREXVWHVWLPDWHVZKLFKVKRXOGEHXVHIXOIRU
PDLQWDLQLQJDVWUDLJKWOLQHWUDMHFWRU\,WVKRXOGEHQRWHGKRZHYHUWKDWWKH6WHHULQJH[SHULPHQWFOHDUO\
GLIIHUHGLQDQXPEHURIZD\VIURPWKH+HDGLQJH[SHULPHQW+HDGLQJMXGJHPHQWVZHUHLQGLFDWHGDIWHU
VHOIPRWLRQZKHUHDVVWHHULQJZDVH[HFXWHGZLWKDFRQWLQXRXVRQOLQHPRWRUUHVSRQVH The Heading 
H[SHULPHQWGLVSOD\HGQRURWDWLRQLQWKHRSWLFÀRZ¿HOGMXVWOLQHDUWUDQVODWLRQZKHUHDV6WHHULQJJHQ-
HUDWHGGLVSOD\VFRQWDLQLQJERWKWUDQVODWLRQDQGURWDWLRQFRPSRQHQWV6RZKLOHZHKDYHVKRZQWKDWSDW-
WHUQVRIHUURUVDUHVRPHWLPHVGLIIHUHQWEHWZHHQWKHVHWDVNVZHDUHXQDEOHDWSUHVHQWWRSLQSRLQWH[DFWO\
ZK\WKLVPLJKWEH)RUH[DPSOHWKHPRVWGHJUDGHGFRQGLWLRQVPD\KDYHUHGXFHGWKHSHUFHLYHGVSHHG
of self-motion (consistent with studies that show reduced edge rates also reduce perceived speed; e.g. 
/DULVK	)ODFK1990DQGWKLVFRXOGKDYHVHOHFWLYHO\LPSDLUHGVWHHULQJ:KLOHLWLVSRVVLEOHWKDWVSHHG
perception is an important additional information source for steering control (independent of heading) 
WKHUHDUHDQXPEHURIVXFFHVVIXOPRGHOVRIVWHHULQJWKDWGRQRWH[SOLFLWO\UHTXLUHWKLVLQIRUPDWLRQLQ
RUGHUWRHIIHFWVXFFHVVIXOVWHHULQJFRQWUROHJ.RXQWRXULRWLV)OR\G*DUGQHU0HUDW	:LONLH2012; 
)DMHQ	:DUUHQ:LONLH.RXQWRXULRWLV0HUDW	:DQQ2010:LONLH	:DQQ). The 
model of Wilkie and Wann () relies upon the detection and gradual reduction of rotation rates 
GHWHFWHGIURPPXOWLSOHVRXUFHVRILQIRUPDWLRQLQFOXGLQJUHWLQDOÀRZ,WFRXOGEHDUJXHGWKDWZKHQ
UHWLQDOÀRZLVGHJUDGHGWKHQWKHURWDWLRQFRPSRQHQWEHFRPHVPRUHGLI¿FXOWWRGHWHFWWKDQWKHOLQHDU
WUDQVODWLRQDOFRPSRQHQWZKLFKFRXOGH[SODLQ WKHGLIIHUHQFHV LQHUURUSDWWHUQV IRU WKH6WHHULQJDQG
+HDGLQJH[SHULPHQWV:KLOVWWKHUHLVDQLQFUHDVHGWHQGHQF\WRXQGHUVWHHUDVÀRZEHFRPHVGHJUDGHG
(Figure 5aZKLFKLVFRQVLVWHQWZLWKLPSDLUHGGHWHFWLRQRIURWDWLRQWKHUHLVDOVRLQFUHDVHGXQGHUVWHHU
for more eccentric targets (Figure 5bZKLFKZRXOGQRWEHH[SHFWHGWKHURWDWLRQFRPSRQHQWVKRXOG
EHRIJUHDWHUPDJQLWXGHIRUPRUHHFFHQWULFWDUJHWVDQGVRZRXOGEHHDVLHUWRGHWHFW
$QDOWHUQDWLYHH[SHULPHQWDODSSURDFKFRXOGKDYHEHHQWRWU\WRH[DPLQHWKHVHQVLWLYLW\WRKHDG-
LQJXQGHULGHQWLFDOORFRPRWRUWUDMHFWRULHV,QIDFW.HOO\%HDOO/RRPLV6PLWKDQG0DFXJD2006) 
FDUULHGRXWVXFKDQH[SHULPHQWE\DVNLQJSDUWLFLSDQWVWRVWHHUDORQJDGHPDUNHGFXUYLOLQHDUWUDMHFWRU\
DFXUYLQJURDGZD\EXWZKHQORFRPRWLRQVWRSSHGWKH\DVNHGSDUWLFLSDQWVWRPDNHDQLQVWDQWDQHRXV
KHDGLQJMXGJHPHQW7KHYHKLFOH¶VGHYLDWLRQIURPWKHURDGFHQWUHZDVXVHGDVDPHDVXUHRIVWHHULQJ
and a correlation between heading and steering errors was observed (with bias towards the direction of 
WKHEHQG%HFDXVHWKH\XVHGDWH[WXUHGJURXQGSODQHLWVHHPVUHDVRQDEOHWKDWWKHULFKÀRZSURYLGHG
VXI¿FLHQWLQIRUPDWLRQWRHVWLPDWHKHDGLQJDVZHOODVSHUIRUPVWHHULQJ7KHSUHVHQWH[SHULPHQWRQO\
UHYHDOHGGLIIHUHQFHVEHWZHHQKHDGLQJDQGVWHHULQJHUURUVZKHQÀRZZDVVRPHZKDWGHJUDGHG$QRWKHU
GLIIHUHQFHEHWZHHQ.HOO\HWDO2006) and the present experiment is that the heading judgements in 
WKHIRUPHUZHUHPDGHDIWHUWUDYHOOLQJRQDFXUYLOLQHDUWUDMHFWRU\2QHSUREOHPZLWKWKLVPHWKRGLVWKDW
ZKHQPDNLQJKHDGLQJMXGJHPHQWVRQDFXUYLOLQHDUWUDMHFWRU\SDUWLFLSDQWVRIWHQPDNHMXGJHPHQWVRI
3We have compared heading and steering based on the initial target angles. Because the steering response changed 
WKHGLVSOD\VWKHHFFHQWULFLW\RIWKHWDUJHWKDGWRUHGXFHRYHUWLPHLQRUGHUWRFRPSOHWHWKHWDVN,IZHKDGIRXQG
WKDWWKHSDWWHUQVRIVWHHULQJSHUIRUPDQFHDFURVVGLVSOD\FRQGLWLRQVLQGLFDWHGgreaterVHQVLWLYLW\ZKHQVWHHULQJ
WKHQWKLVFRXOGKDYHVLPSO\EHHQEHFDXVHWKHDYHUDJHWDUJHWHFFHQWULFLW\ZDVUHGXFHGFRPSDUHGZLWKKHDGLQJ
FRQGLWLRQVKRZHYHUWKHRSSRVLWHSDWWHUQRIUHVXOWVZDVREVHUYHG
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SDWKVHH/DSSHHWDO19992QDVWUDLJKWOLQHSDWKKHDGLQJDQGSDWKFRLQFLGHZKHUHDVRQDEHQGWKH
FXUUHQWGLUHFWLRQRIPRWLRQEHFRPHVVHSDUDWHGIURPWKHSDWKWKDWDFWXDOO\OHDGVWRWKHWDUJHW:LONLH	
:DQQ20067KLVPLJKWH[SODLQWKHKHDGLQJELDVUHSRUWHGE\.HOO\HWDO2006) since a judgement in 
WKHGLUHFWLRQRIWKHEHQGFRXOGUHÀHFWWKHLQÀXHQFHRISDWK:KHQVWHHULQJELDVWRZDUGVWKHGLUHFWLRQ
RIWKHEHQGLHWRZDUGVWKHLQVLGHURDGHGJHKDVEHHQIUHTXHQWO\GRFXPHQWHG.RXQWRXULRWLVHWDO
20125DZ.RXQWRXULRWLV0RQ:LOOLDPV	:LONLH2012:LONLHHWDO2010VHH5DZHWDO2012 
for a plausible explanation of this behaviour) so a correlation between heading and steering would not 
be surprising.
,QRXUSUHVHQWZRUNZHKDYHKLJKOLJKWHGWKDWWKHUHDUHVRPHNH\GLIIHUHQFHVEHWZHHQKHDGLQJ
DQGVWHHULQJ,WVKRXOGEHPDGHFOHDUKRZHYHUWKDWZHDUHQRWVXJJHVWLQJWKDWWKH\DUHFRPSOHWHO\
XQUHODWHG,WVHHPVDVHQVLEOHFRQWUROVROXWLRQIRUDQDQLPDOWRXVHKHDGLQJLQIRUPDWLRQWRPDLQWDLQD
VWUDLJKWOLQHWUDMHFWRU\DQGWRPDNHFRUUHFWLYHDGMXVWPHQWVXVLQJKHDGLQJ)URPWKLVVWDQGSRLQWH[LVW-
LQJPHWKRGRORJLHVWKDWXVHGRWÀRZFRPELQHGZLWKKHDGLQJMXGJHPHQWVVKRXOGEHFRQVLGHUHGFRPSOL-
PHQWDU\WRXVLQJSKRWRUHDOLVWLFWH[WXUHVDQGDFWLYHVWHHULQJ8OWLPDWHO\WKHFKRLFHRIWKHPHWKRGZLOO
GHSHQGXSRQWKHGHJUHHRIFRQWUROWKDWLVUHTXLUHGERWKRYHUGLVSOD\FKDUDFWHULVWLFVDQGWKHXQLIRUPLW\
of motoric response. These factors need to be balanced against the desire to examine behaviours more 
FORVHO\UHODWHGWRWKRVHFDUULHGRXWGXULQJUHDOZRUOGORFRPRWRUVWHHULQJ,QGHHGUHVHDUFKH[DPLQLQJ
WKHQHXUDOEDVLVRIORFRPRWRUVWHHULQJLQI05,VHWWLQJVKDVXVHGDYDULHW\RIPHWKRGVGRWÀRZGLV-
SOD\V:DOO$VKLGD/LQJQDX	6PLWK2008:DOO	6PLWK2008GRWÀRZDQGKHDGLQJ3HXVNHQV
6XQDHUW 'XSRQW YDQ +HFNH 	 2UEDQ 2001) and active steering through textured environments 
%LOOLQJWRQ)LHOG:LONLH	:DQQ)LHOG:LONLH	:DQQ2006). The full network of neural 
FLUFXLWU\FDQRQO\EHH[SRVHGXVLQJDFWLYHVWHHULQJEXWVXEFRPSRQHQWVRIRSWLFÀRZSURFHVVLQJFDQ
EHXVHIXOO\LQYHVWLJDWHGZLWKKHDGLQJMXGJHPHQWV,WLVKRSHGWKDWDEURDGVHWRIGLVSOD\PHWKRGVZLOO
DOORZWKH¿HOGWRGHYHORSDJHQHUDOPRGHORIORFRPRWLRQWKDWZLOOXOWLPDWHO\H[SODLQKXPDQVWHHULQJ
behaviour within real-world environments.
6 Conclusions
,W DSSHDUV WKDW DOWKRXJK SDUWLFLSDQWV FDQ DFFXUDWHO\ MXGJH WKHLU KHDGLQJ IURP DQXPEHU RI GLVSOD\
FRQGLWLRQVDFFXUDWHVWHHULQJSHUIRUPDQFHUHTXLUHVULFKHUÀRZGLVSOD\V)XUWKHUPRUHLWFDQEHDUJXHG
EDVHGRQWKHVHUHVXOWVWKDWZKLOVWWKHUHLVVRPHUHODWLRQVKLSEHWZHHQMXGJLQJKHDGLQJDQGHIIHFWLYHO\
VWHHULQJWKHTXDOLW\DQGTXDQWLW\RIÀRZWKDWVXSSRUWVRQHLVQRWQHFHVVDULO\VXI¿FLHQWIRUWKHRWKHU
,WDSSHDUVWKHUHIRUHWKDWFRQWURORIVWHHULQJFXUYHGSDWKVPD\QRWVROHO\UHO\RQKHDGLQJSHUFHSWLRQ
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